Effects of plasmolysis and spheroplast formation on deoxyribonucleic acid (DNA), ribonucleic acid (RNA), protein, and phospholipid synthesis by Escherichia coli strain THU were studied. RNA and protein synthesis were severely diminished. DNA and phospholipid synthesis were inhibited, but less so; they could be partly restored. DNA synthesis could be restored by replacing thymine in the medium with thymidine, and phospholipid synthesis, by adding back small quantities of soluble cell extract. Plasmolysis effected marked reductions in rates of growth and macromolecule synthesis, and temporarily reduced culture viability. Plasmolysis also caused an anomalous stimulation of phospholipid synthesis. Spheroplasts and plasmolyzed cells synthesized small amounts of ribosomal RNA that sed!mented normally. However, this ribosomal RNA was very inefficiently packaged to ribosome subunits. Spheroplasts were unable to carry out induced synthesis of,-galactosidase, and plasmolyzed cells were delayed in this function. Radioautographs examined in an electron microscope showed that DNA synthesis in plasmolyzed cells and spheroplasts was performed by a substantial fraction of the culture populations. That DNA and membrane were associated in the spheroplasts used in this study was suggested by formation of M-bands containing membrane and most of the cell's DNA. The results are discussed in terms of alterations of membrane structure and conformation attending plasmolysis and spheroplasting.
plasmolyzed cells synthesized small amounts of ribosomal RNA that sed!mented normally. However, this ribosomal RNA was very inefficiently packaged to ribosome subunits. Spheroplasts were unable to carry out induced synthesis of,-galactosidase, and plasmolyzed cells were delayed in this function. Radioautographs examined in an electron microscope showed that DNA synthesis in plasmolyzed cells and spheroplasts was performed by a substantial fraction of the culture populations. That DNA and membrane were associated in the spheroplasts used in this study was suggested by formation of M-bands containing membrane and most of the cell's DNA. The results are discussed in terms of alterations of membrane structure and conformation attending plasmolysis and spheroplasting.
Since it has been proposed that the bacterial chromosome is closely associated with the bacterial membrane, we wished to determine whether a complex of both could be obtained in a presumably native state, as has been reported by several workers (5, 16 , and references cited therein). To do so, we hoped to lyse cells gently and obtain deoxyribonucleic acid (DNA) membrane complexes. In considering the use of Escherichia coli spheroplasts prepared with ethylenediaminetetraacetate (EDTA) and lysozyme for this purpose, we first sought to determine whether spheroplasts were able to carry on appreciable macromolecular synthesis or whether they were possibly so damaged in precisely the structure we wished to examine as to no longer resemble living cells.
In spite of the widespread use of EDTA-lysozyme spheroplasts, no clear answer to this question exists. They can apparently synthesize some protein (10, 11) , and they have been reported to be able to produce some phage when infected with free nucleic acid (14) . However, the latter might be imagined to have established a new membranechromosome association. Penicillin spheroplasts of E. coli, which (in contrast to those prepared with EDTA-lysozyme) can revert to normal, have been reported (6) to synthesize ribonucleic acid (RNA) at a rate one-half to one-quarter that of exponentially growing cells. Some other organisms, e.g., gram-positive bacteria, seem less affected by spheroplasting or protoplasting than do E. coli cells. Several examples have been given. Protoplasts of Bacillus megaterium retain significant capability for synthesis of biological macromolecules (10) , and Cundliffe has obtained a preparation that is highly active metabolically (4). Lark and Lark (9) Bacteria and media. Two strains of E. coli, 15 THU and K-12, were used in these experiments. The derivation of strain 15 THU has been described (15) . Both strains were grown on a synthetic medium, 52, previously described (15) , supplemented with 1 mg of glucose/ml. In addition, THU requires thymine, histidine, and uracil, which were supplied in concentrations of 10, 20, and 10lAg/ml, respectively. For 32Pa-uptake experiments, THU was grown in a low-phosphate medium (pH 8.0) consisting of 10 g of tris(hydroxymethyl)aminomethane (Tris), 2 g of (NH4)2SO4, 0.2 g of MgSO4-7H20, 0.5 mg of FeSO4-7H20, 93 mg of Na2HPO4, 20 mg of CaCl2, and 0.2 g of KCI per
liter. This medium has a Pi concentration of 0.66 mM compared with 128 mm for the high-phosphate medium. THU grew at the same rate (72-min generation time) in either medium. Viable counts were made after plating on nutrient agar.
Preparation of spheroplasts and incorporation studies. For incorporation studies, cells were grown to a density of 2 X 108 per ml and were harvested by centrifugation in the cold. The cells were washed with onetenth the initial volume of 0.01 M Tris chloride, pH 8.0. A portion was resuspended in growth medium and set aside for an intact-cell control. The remainder was resuspended in 20% sucrose-0.03 M Tris, pH 8.0, at a density of 2 X 109 cells per ml. A portion of this suspension was set aside for the plasmolyzed-cell control. The remainder was incubated for 10 min at ambient temperature with 10 Ag of lysozyme per ml and 0.001 M EDTA. During this time, the optical density at 450 nm of samples diluted 20 times with deionized water fell by about 90%. Viability decreased to < 1% of the initial value. ,6-Galactosidase assay. Cultures were incubated with 1 mm isopropyl-i3-D-thiogalactopyranoside. Samples of 1 ml were shaken with two drops of toluene and incubated at 37 C for 30 min. The samples were assayed for jl-galactosidase by a published procedure (13) . Radioautography. Control cells, plasmolyzed cells, and spheroplasts were allowed to incorporate thymidine-methyl-3H (4 JACi/ml of culture) for 30 min.
Samples (5 ml) of each culture were fixed for 3 hr at 0 C by addition of 2 ml of 2% glutaraldehyde in 0.1 M phosphate buffer, pH 6.5. The cells were pelleted and washed twice with Ryter-Kellenberger buffer (8) . The pellets were postfixed by overnight treatment with 1 ml of 2% OS04 in Ryter-Kellenberger buffer at room temperature, and were washed twice with the buffer.
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PLASMOLYZED CELLS AND SPHEROPLASTS OF E. COLI They were suspended in agar, and the agar casts were dehydrated first by treatment with a mixture containing 70 volumes of 2% uranyl acetate and 30 volumes of ethyl alcohol, and then by successive washings with 50, 75, 95, and 100% ethyl alcohol. The castings were then embedded in Araldite, and 0.1-Mm sections were cut. Sections were coated with Ilford L4 emulsion, exposed for various periods (6 to 12 weeks), developed in Microdol-X, and stained with dilute lead hydroxide. They were examined in a Siemens electron microscope. Control experiments showed that the silver grain distribution remained unaltered when cells were extracted with cold 5% trichloroacetic acid.
RESULTS
Effects of plasmolysis and spheroplasting on macromolecular synthesis. Most of the data to be presented derive from experiments with E. coli strain THU, which requires thymine, histidine, and uracil (one precursor each for DNA, protein, and RNA synthesis). Thus, measurements of rates of macromolecule synthesis are free from the complications of endogenous precursor synthesis. In one experiment, strain K-12 was used. The kinetics of DNA, protein, and RNA synthesis were measured in a spheroplast culture and two control cultures (Fig. 1) . In one control, intact cells were incubated in their normal growth medium; in the other, referred to as a plasmolyzed culture, the cells were treated in the same way as the spheroplasts except for lysozyme-EDTA treatment (see Materials and Methods). The dashed lines in Figure 1 represent corrections of the intact-cell control curves for multiplication; they are drawn to aid comparisons between the intact-cell and spheroplast (nondividing) curves. The data show that both plasmolysis and spheroplasting substantially retarded macromolecule synthesis. Rates of DNA, protein, and RNA synthesis by spheroplasts were about 20, 15, and 5%, respectively, of the intact-cell control rates (corrected for division). Lack of data on the actual multiplication rate of plasmolyzed cells (see below) complicates comparison of per cell synthetic rates, but at 20 min, before substantial multiplication had occurred, spheroplasts synthesized DNA, protein, and RNA at 100, 25, and 50%, respectively, of the plasmolyzed control rates. We have performed comparable experiments with E. coli strains B, K-12, TAUst, and TAUrel, and have obtained similar results. Therefore, the data of Fig. 1 are not peculiar to a particular strain.
Effect of plasmolysis on viability and turbidity. Plasmolysis also had substantial effects on viability, i.e., ability to generate colonies when plated on a solid medium, and turbidity (Fig. 2) Fig.  7a , in which the dashed line represents a correction of the intact-cell curve for multiplication. The rate of phospholipid synthesis for the spheroplast culture was about one-third of the intact control rate. Thus, spheroplasts retain the capacity to synthesize substantial amounts of phospholipid. The effect of plasmolysis on phospholipid synthesis was unexpected and somewhat dramatic. After the first hour of growth, during which the plasmolyzed-cell rate lagged behind the control, plasmolyzed cells actually synthesized phospholipid at a rate greater than that for the intact control cells. This is so despite the fact that the plasmolyzed cells multiply and synthesize macromolecules more slowly than the control.
Additionally, it was found that phospholipid synthesis in spheroplasts could be stimulated by adding small amounts of a crude, undialyzed, soluble cell extract (Fig. 7b and c) . Adding extract inhibited phospholipid synthesis in intact control cells (Fig. 7b) , but stimulated it in spheroplasts to about 50% of the control rate (Fig. 7c) .
The stimulation was roughly proportional to the amount of extract added. The largest amount of extract added derives from only twice the number of cells present in the spheroplast culture. The extract had no effect on plasmolyzed cells or on nucleic acid synthesis in spheroplasts. Identification of the stimulating substance awaits further investigation.
The effects of various additions to the medium on RNA synthesis by spheroplasts were studied. It was shown initially that spheroplasts synthesize RNA at 6% of the control rate. Addition of 1 mM spermidine doubled that rate. Smaller stimulations were noted (about 20%) when purine ribonucleosides were added and when the potassium ion content of the medium was increased 10-fold.
DNA-membrane association. The data presented thus far have no direct bearing on the question of whether spheroplasting disrupts the presumptive DNA-membrane association. If such an association is required for DNA synthesis to occur, then this association must remain intact, because spheroplasts do synthesize substantial quantities of DNA. Schaechter and his co-workers (5, 16) recently presented strong evidence for an intact DNA-membrane association in protoplasts of B. megaterium and spheroplasts of E. coli. Since they used a different stain of E. coli and a somewhat different method for preparing spheroplasts, we have repeated their experiments. In the so-called M-band technique, a spheroplast suspension to which Mg++ has been added is layered onto a sucrose density gradient. The spheroplasts are then lysed with the detergent Sarkosyl. Crystals of magnesium Sarkosyl form and, by virtue of possessing hydrophobic surfaces, combine with membrane fragments. The crystals are then banded at their buoyant density. The resulting M-band is found to contain most of the cell's DNA and a substantial portion of the phospholipid. Since the magnesium Sarkosyl crystals do bind membrane constituents but not DNA alone, it was concluded that DNA is present in the M-band by virtue of its association with the mem- by spermidine rather than its association with the membrane. Labeled T5 DNA was added to a spheroplast suspension prior to lysing in the presence of 10-s M spermidine, and the resulting pellet was found to contain less than 2% of the added DNA. This indicates that DNA is attached to the membrane prior to lysis. At 10-2 M spermidine, 40 % of the added DNA entered the pellet.
This method of obtaining DNA-membrane complexes appears promising, but will not be further explored at this time. For much of the data presented thus far, there is the possibility that the apparent synthetic capacities remaining to spheroplasts represent active synthesis by a small cell population rather than reduced synthesis by the entire population. The question of population homogeneity was approached by conducting a radioautographic study of DNA synthesis. Cultures of intact cells, plasmolyzed cells, and spheroplasts were allowed to incorporate tritiated thymidine for 30 min. Cells were fixed, and 0.1-,m sections were made; radioautographs were prepared and scored with an electron microscope. The results (Table 2) show that the proportion of labeled cells was somewhat less for plasmolyzed cells and spheroplasts than for the intact-cell control. In the case of spheroplasts, this figure may be an underestimate of the synthesizing population, because the increased cell volume leads to a decreased probability of encountering a grain in a given section. In any event, as compared with control cells, at least about two-thirds of the plasmolyzed cell and spheroplast populations were demonstrably active in synthesis. Additionally, grains were often seen at the cell periphery in sections from all three cultures, suggesting that synthesis occurs at the membrane (Fig. 8) is temporarily reduced, but eventually exceeds the control. Reduced DNA synthesis in plasmolyzed cells and spheroplasts is due at least in part to leakage of deoxyribose donors, because thymidine is a more effective DNA precursor than thymine. Plasmolysis as well as spheroplasting is known to alter cell permeability (7) . That permeability is not the whole story is indicated by the fact that uridine is no more effective an RNA precursor than uracil. The possibility that shortages of phosphorylated metabolites may be responsible for the reduced synthetic capacities cannot be tested, because spheroplasts, like intact cells, seem impermeable to such substances. It was found that some substance normally found in cells can in part restore phospholipid synthesis to spheroplasts. The data offer no clue as to its nature or mode of action.
We have shown by a radioautographic experiment that the bulk of the spheroplast population in a culture is actively engaged in DNA synthesis, rather than some small osmotically resistant fraction of the population. The fact that grains are often seen at the cell periphery suggests that this synthesis is of a normal rather than a repair nature. Ribosomal RNA with normal sedimentation properties is synthesized in both plasmolyzed cells and spheroplasts. Conversion of this RNA to ribosome subunits, however, is markedly impaired. Whether this is due to a shut-off of ribosomal protein synthesis or to interference with the assembly process, the present data give no clue.
A possible, but purely speculative, explanation for the reduced synthetic capacities independent of permeability involves changes in membrane conformation associated with the destruction of the rigid peptidoglycan layer and with the increase in cell surface area accompanying spheroplast formation. Thus, if some particular conformation of the membrane were necessary for the cell to achieve optimal rates of macromolecule synthesis (assuming these functions are localized at the membrane), spheroplasting could cause a destructive disorganization. Perhaps it is the cell wall that holds the membrane in its optimal conformation. Disorganization attending temporary separation of wall and membrane in plasmolysis could then explain those effects. 
